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Abstract
It is shown that the combined action of spin-flavor conversions of supernova neutri-
nos due to the interactions of their Majorana-type transition magnetic moments with
the supernova magnetic fields and flavor conversions due to the mass mixing can lead
to the transformation of νe born in the neutronization process into their antiparticles
ν¯e. Such an effect would have a clear experimental signature and its observation would
be a smoking gun evidence for the neutrino transition magnetic moments. It would
also signify the leptonic mixing parameter |Ue3| in excess of 10−2.
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1 Introduction
Type-II supernovae explosions are accompanied by copious production of neutrinos and an-
tineutrinos which carry away about 99% of the emitted energy [1]. The supernova (SN)
neutrino flux consists of two main components: a very short (∼ 10 msec) pulse of νe pro-
duced in the process of neutronization of the SN matter which is followed by a longer (∼ 10
sec) pulse of thermally produced νe, νµ, ντ and their antiparticles (see fig. 1). Neutrino mix-
ing, the convincing evidence for which was obtained in the solar, atmospheric and reactor
neutrino experiments, results in the flavor conversions of SN neutrinos in supernovae and in-
side the Earth (for recent discussions see, e.g., [2]). In these transitions matter enhancement
of neutrino oscillations (the MSW effect [3]) plays an important role.
Since the lepton flavor is not conserved, neutrinos should possess not only mass but also
flavor-off-diagonal (transition) magnetic moments µab, which for Majorana neutrinos are
the only allowed type of magnetic moments. In transverse magnetic fields, such magnetic
moments would lead to a simultaneous rotation of neutrino spin and transformation of their
flavor (spin-flavor precession) [5, 6]. The neutrino spin-flavor precession can be resonantly
enhanced by matter [7, 8, 9], much in the same way as matter enhances neutrino oscillations.
The neutrino resonance spin-flavor precession (RSFP) in the supernova magnetic fields can
lead to transmutations of different supernova neutrino species [10, 11, 12]. For Majorana
neutrinos, the possible conversions are
νe ↔ ν¯µ,τ , ν¯e ↔ νµ,τ , νµ ↔ ν¯τ , ν¯µ ↔ ντ . (1)
At the same time, matter-enhanced neutrino flavor conversions [3] lead to the transmutations
νe ↔ νµ,τ , ν¯e ↔ ν¯µ,τ . (2)
It is expected that the spectra of thermally produced SN neutrinos are characterized by
the different mean energies [1]:
E¯νe ≃ 11 MeV , E¯ν¯e ≃ 16 MeV , E¯νµ ≃ E¯ν¯µ ≃ E¯ντ ≃ E¯ν¯τ ≃ 25 MeV . (3)
Therefore the transitions between the neutrinos of electron and non-electron flavors, whether
due to the MSW effects or due to the RSFP, should modify the spectra of the SN neutrinos
observed at the Earth.
Unfortunately, for thermally produced neutrinos, it is not possible to experimentally
discriminate between the two effects. If, for example, electron neutrinos (or antineutrinos)
are detected and their energy is found to be higher than expected, this can be due to the
transition from either νµ,τ or ν¯µ,τ ; since these initial-state neutrinos have approximately
the same energies, one cannot tell whether the observed hard spectrum results from the
RSFP transitions of eq. (1) or the MSW transitions of eq. (2). Analogously, if the non-
electronic flavor neutrinos or antineutrinos are detected and softer than expected spectrum
is observed (e.g., the spectrum of the original νe’s), this again can be due to either RSFP
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Figure 1: Luminosities of the originally produced SN neutrinos as functions of time [4]. Lνµ stands
for the collective luminosity of νµ, ν¯µ, ντ and ν¯τ .
or MSW transitions. One cannot experimentally discriminate between the two possibilities
because low-energy νx and ν¯x (x = µ, τ) can only be detected via neutral-current reactions
which cannot tell low energy neutrinos from antineutrinos
The situation with the prompt neutronization neutrinos is completely different. At the
neutronization stage, the emitted neutrino flux consists almost entirely of νe, the admixtures
of other neutrino and antineutrino species being very small (see fig. 1). Resonance flavor or
spin-flavor conversions, acting separately, can transform these neutrinos into, e.g., ντ or ν¯τ
respectively; as was already pointed out, one cannot discriminate experimentally between
these two possibilities. However, as we discuss below, the combined action of the MSW
and RSFP transitions can result in the conversion νe → ν¯e, leading to a detectable flux of
prompt neutronization neutrinos in the ν¯e channel. Electron antineutrinos can be cleanly
distinguished experimentally from all the other neutrino species and in fact are the easiest
to detect. Thus, such an effect would have a very clear experimental signature: a short
(∼ 10 msec) pulse of ν¯e preceding the longer pulse of thermal neutrinos of all species. The
detection of such a signal would constitute an unambiguous evidence for neutrino magnetic
moments.
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In the present paper we study the conversion of SN neutronization νe into ν¯e in the
cases of the normal and inverted neutrino mass hierarchies in the full 3-flavor framework.
In particular, we show that 3-flavor effects result in new spin-flavor resonances, absent in
the 2-flavor approximations. We consider these resonances in detail and study their role in
the νe → ν¯e conversions in SN.
2 Neutrino conversions in supernovae
We assume neutrinos to be Majorana particles and consider the evolution of different neu-
trino species due to their flavor mixing and interaction of their transition magnetic moments
with the SN magnetic fields. The neutrino evolution equation is
i
d
dr
ν = Hν (4)
where ν = (νe, νµ, ντ , ν¯e, ν¯µ, ν¯τ )
T is the neutrino vector of state, r is the coordinate along
the neutrino trajectory and H is the effective Hamiltonian:
H =
(
M2/2E B(r)
−B(r) M2/2E
)
+ V (r) . (5)
In this equation E is the neutrino energy,
M2 = U

 0 0 00 ∆m221 0
0 0 ∆m231

U † , B =

 0 µeµ µeτ−µeµ 0 µµτ
−µeτ −µµτ 0

B⊥(r) , (6)
where ∆m2ij are the neutrino mass squared differences, U is the leptonic mixing matrix and
B⊥ is the transverse magnetic field strength. The matrix of effective potentials
V = diag(Ve, Vµ , Vτ , Ve¯, Vµ¯, Vτ¯ ) (7)
describes the coherent interactions of neutrinos of different flavor with matter. At tree level
one has
Ve = −Ve¯ =
√
2GF (Ne −Nn/2) , Vµ = Vτ = −Vµ¯ = −Vτ¯ =
√
2GF (−Nn/2) , (8)
where GF is the Fermi constant, Ne and Nn are the electron and neutron number densities,
respectively. Although the tree-level potentials of νµ and ντ coincide, in one-loop order a
difference between them arises due to the difference between the masses of the corresponding
charged leptons [13]:
Vτµ = Vτ − Vµ ≃ 3
2pi2
G2Fm
2
τ
[
(Ne +Nn) ln
(
MW
mτ
)
−Ne − 2
3
Nn
]
. (9)
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Here MW and mτ are the W -boson and τ -lepton masses, respectively; for antineutrinos
one has Vτ¯ µ¯ = −Vτµ. The quantity Vτµ is very small compared to the tree-level potentials
Va (a = e, µ, τ): Vτµ ∼ 10−5Va. However, it becomes important at very high densities
ρ ∼ 107 − 108 g/cm3 [13, 2, 14].
The leptonic mixing matrix U depends on three mixing angles1 which, along with the
mass squared differences ∆m221 and ∆m
2
31, can be obtained from the low-energy neutrino
data. For the standard parameterization of the matrix U , the analyses of the solar, atmo-
spheric and reactor neutrino experiments yield the following 1σ allowed ranges [15]:
∆m221 ≡ ∆m2sol = 7.1+1.2−0.6 × 10−5 eV2 , tan2 θ21 = 0.41+0.08−0.07
|∆m231| ≡ ∆m2atm = 2.0+0.4−0.3 × 10−3 eV2 , sin2 2θ23 > 0.92
|Ue3| = sin θ13 < 0.16 (10)
The data allow two possible hierarchies (orderings) of neutrino masses, the normal hierarchy
(∆m231 > 0) and inverted hierarchy (∆m
2
31 < 0). In the case of the normal hierarchy the
third mass eigenstate ν3, which is separated by a larger mass gap from the other two and
has a small admixture of νe (|Ue3|2 ≪ 1), is heavier than ν1 and ν2, whereas in the case of
the inverted hierarchy ν3 is the lightest mass eigenstate. The SN neutrino transmutations
depend crucially on the neutrino mass hierarchy.
The density dependence of the energy levels of neutrino matter eigenstates can be read
off from the effective Hamiltonian H in eq. (6) [2, 14]. It is given in figs. 2 and 3. At very
high densities, when the potentials Va and the potential difference Vτµ are very large, the
diagonal terms in H dominate and matter eigenstates essentially coincide with the flavor
eigenstates νe, νµ and ντ . In the intermediate density range 10
4 g/cm3 ≪ ρ ≪ ρτµ ∼
107− 108 g/cm3 one can neglect the potential difference Vτµ whereas Va are still very large.
In that density domain the matter eigenstates are νe, ν
′
µ and ν
′
τ , where ν
′
µ and ν
′
τ are the
states that diagonalize the µ − τ sector of the effective Hamiltonian H in vacuum. In the
density region ρ . 106 g/cm3 a number of flavor and spin-flavor conversions occur (see
figs. 2 and 3). As the matter density further decreases and approaches zero, the matter
eigenstates go into the mass eigenstates ν1, ν2 and ν3.
The resonances occur when the separation between the energy levels of neutrino matter
eigenstates become minimal. In the two-flavor approximation the resonances correspond
to the points where the diagonal elements of the effective Hamiltonian H become pairwise
equal (level crossing points). We summarize now briefly the resonance transitions and the
corresponding resonance conditions (the suffixes “H” and “L” stand for the high and low
resonance densities corresponding to ∆m231 and ∆m
2
21, respectively):
1In general, it also depends on the Dirac-type CP-violating phase δCP and two Majorana-type phases.
However, the Majorana phases do not affect neutrino oscillations and spin-flavor precession; the Dirac phase
does not influence the SN neutrino signal [14].
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Figure 2: Neutrino energy level schemes in SN for the normal (a) and inverted (b) mass hierarchies.
The case s13 > (s13)c.
• RSFP-H: ν¯e ↔ ν ′τ (normal hierarchy); νe ↔ ν¯ ′τ (inverted hierarchy);
√
2GF
1
mN
ρres(1− 2Ye) ≃ |∆m
2
31|
2E
cos 2θ13 ; (11)
• RSFP-L: ν¯e ↔ ν ′µ (normal and inverted hierarchies);
√
2GF
1
mN
ρres(1− 2Ye) ≃ ∆m
2
21
2E
cos 2θ12 ; (12)
• RSFP-X: ν¯ ′µ ↔ ν ′τ (normal hierarchy); ν ′µ ↔ ν¯ ′τ (inverted hierarchy);
√
2GF
1
mN
ρres(1− Ye) ≃ |∆m
2
31|
2E
cos2 θ13 ; (13)
These resonances occur when sin θ13 satisfies
2
s13 < cos 2θ12
∆m221
|∆m231|
≃ 0.015 . (14)
2We use the standard notation sij ≡ sin θij , cij ≡ cos θij .
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• RSFP-E: νe ↔ ν¯ ′µ (normal hierarchy); ν¯e ↔ ν ′µ (inverted hierarchy);
√
2GF
1
mN
ρres ≃
[
(1∓ a + z)±
√
(1∓ a + z)2 ± 4a
] |∆m231|
2E
. (15)
Here the upper and lower signs refer to the normal and inverted mass hierarchies, respec-
tively, and
a =
Ye
1− 2Ye
∆m221
|∆m231|
cos 2θ12 , z = s13
Ye
1− 2Ye . (16)
The resonances occur when
s13 > (s13)c ≡ cos 2θ12 ∆m
2
21
|∆m231|
≃ 0.015 , (17)
which is the opposite condition to (14). Note that (s13)c = s13(a/z).
• MSW-H: νe ↔ ν ′τ (normal hierarchy); ν¯e ↔ ν¯ ′τ (inverted hierarchy);
√
2GF
1
mN
ρresYe ≃ |∆m
2
31|
2E
cos 2θ13 ; (18)
• MSW-L: νe ↔ ν ′µ (normal and inverted hierarchies);
√
2GF
1
mN
ρresYe ≃ ∆m
2
21
2E
cos 2θ12 . (19)
In eqs. (11) – (19) mN is the nucleon mass and Ye is the number of electrons per nucleon,
Ye = Ne/(Ne + Nn). Note that the above resonances occur in the so-called isotopically
neutral region of SN, where Ye is slightly below 0.5 and very close to this value: 1− 2Ye ∼
10−4 − 10−3. For this reason the RSFP-H and RSFP-L resonance densities are about three
orders of magnitude higher than those of the corresponding MSW resonances. Because of
the smallness of 1 − 2Ye, the slopes of the energy levels of νe, ν¯ ′µ and ν¯ ′τ (and also those of
ν¯e, ν
′
µ and ν
′
τ ) as functions of matter density are almost identical, see figs. 2 and 3; this, in
turn, leads to a number of subtle effects which we discuss below.
The spin-flavor precession resonances RSFP-H and RSFP-L have been widely discussed
in the literature [10, 11]; the RSFP-X resonance was considered in ref. [10]. The RSFP-E
resonances of eq. (15) 3 are new and considered here for the first time. They are a pure
3-flavor effect. In the 2-flavor approach, the RSFP transitions in SN between the electron-
type neutrinos or antineutrinos and ν¯ ′µ(ν
′
µ) are expected to occur only in the ν¯e ↔ ν ′µ channel
and to be driven by the “solar” mass squared difference ∆m221 and mixing angle θ12 [see eq.
(12)]. The reason for this is that the νe components in the mass eigenstates ν1 and ν2 are
large, whereas the weight of νe in the mass eigenstate ν3 is small (equal to s
2
13). However,
3The suffix “E” indicates that electron-type neutrinos are involved.
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Figure 3: Neutrino energy level schemes in SN for the normal (a) and inverted (b) mass hierarchies.
The case s13 < (s13)c.
even this small weight can cause, in the case of the normal mass hierarchy, resonance νe ↔ ν¯ ′µ
transitions at certain densities (see fig. 2a). If the neutrino mass hierarchy is inverted, the
RSFP-E resonance takes place in the ν¯e ↔ ν ′µ channel, but at a density which is different
from the RSFP-L one and is given by eq. (15) (fig. 2b). Thus, in that case the ν¯e ↔ ν ′µ
conversions can occur in two different density regions.
We now summarize briefly the main features of the RSFP-E resonances; more detailed
discussion of their properties will be given in sec. 3. The RSFP-E resonance densities (15)
depend crucially on the ratio of the two small parameters, s213 and 1 − 2Ye. They also
depend on both the “atmospheric” and “solar” mass squared differences ∆m231 and ∆m
2
21.
The dependence on the small ∆m221 is important since it is enhanced by the small 1 − 2Ye
in the denominator of the parameter a in (16).
The RSFP-E resonances take place only when s13 exceeds the critical value (s13)c defined
in (17). In the case of the normal mass hierarchy, the RSFP-E resonance density (ρres)RSFP−E
is larger than the MSW-H one, (ρres)MSW−H. With decreasing s13, (ρres)RSFP−E decreases
and approaches (ρres)MSW−H; the two densities coincide when s13 = (s13)c.
4 For smaller s13,
in the limit B⊥ → 0 the ν¯ ′µ level crosses the matter eigenstate level ν1m (which coincides with
4Note that the RSFP-E resonance condition (15) is approximate; though its accuracy is very good (better
than 3%), it is still not sufficient to find the critical value (s13)c. The latter is obtained from a more precise
resonance condition, see discussion in sec. 3.
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the νe level at very high densities) below the MSW-H resonance point, where ν1m corresponds
to ν ′τ rather than to νe. Thus, when s13 becomes smaller than (s13)c, the RSFP-E resonance
transforms into the RSFP-X one, see fig. 3a. Similar situation takes place in the case of
the inverted neutrino mass hierarchy, except that the RSFP-E transition is in the ν¯e ↔ ν ′µ
channel, and with s13 decreasing and approaching (s13)c from above the RSFP-E resonance
density increases and approaches (ρres)MSW−H from below. The inverted hierarchy case
with s13 < (s13)c is illustrated by fig. 3b. It should be noted that the transformation of
the RSFP-E resonances into the RSFP-X ones with decreasing s13 is not sharp – due to the
finite width of the resonances there is a border region where these resonances coexist. We
discuss this in more detail in sec. 4.
The resonance conditions discussed above, except those for the RSFP-E resonances,
were found in the two-flavor approximation. This approximation is quite accurate for the
RSFP-H, MSW-H and MSW-L resonances. For the RSFP-L transitions it is sufficiently
accurate when s13 is not too large: for s13 < 0.05 the accuracy is better than 15%. At the
same time, for s13 ≃ 0.16 which is the maximum allowed by the current data value, the
2-flavor approximation only gives the RSFP-L resonance density by an order of magnitude,
and full 3-flavor consideration is necessary when more precise results are needed. The
sensitivity of (ρres)RSFP−L to 3-flavor effects and in particular to the mixing parameter s13
is to a large extent a consequence of the above-mentioned smallness of 1−2Ye. It is because
of this smallness that the closely situated ν¯e and ν
′
µ energy levels have nearly the same slope
and a small variation of s13 or ∆m
2
31 can lead to a sizeable change in the position of their
crossing point, i.e. in (ρres)RSFP−L. The accuracy of the 2-flavor approximation is in general
slightly better in the case of the inverted mass hierarchy than in the normal hierarchy case.
For the RSFP-E transitions, 3-flavor effects are crucial.
In addition to the above conversions, there are MSW transitions governed by the effective
potential difference Vτµ and “atmospheric” mass squared difference ∆m
2
31. The correspond-
ing level crossings occur in the antineutrino channel for the normal mass hierarchy and in the
neutrino channel for the inverted hierarchy. The resonance densities ρres lie in the interval
(0, ρτµ), their values depending on the value of θ23. The exact location of these resonances
is, however, unimportant: the main role of the potential Vτµ is to suppress the flavor mixing
at high densities and convert the neutrino states νµ and ντ into ν
′
µ and ν
′
τ at intermediate
densities. The corresponding transitions (not shown in figs. 2 and 3) are [2, 14]:
νµ → ν ′µ , ντ → ν ′τ , ν¯µ → ν¯ ′τ , ν¯τ → ν¯ ′µ (normal mass hierarchy) ; (20)
νµ → ν ′τ , ντ → ν ′µ , ν¯µ → ν¯ ′µ , ν¯τ → ν¯ ′τ (inverted mass hierarchy) . (21)
The evolution of neutrinos inside the SN can be readily followed in the adiabatic ap-
proximation (i.e. when the matter density changes slowly enough along the neutrino path).
Since the flavor mixing is strongly suppressed at very high densities, neutrinos born as the
flavor eigenstates νe, νµ and ντ in the supernova’s core are initially in matter eigenstates.
In the adiabatic regime the transitions between different matter eigenstates are strongly
suppressed and so the neutrino states just follow the evolution of matter eigenstates (solid
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lines in figs. 2 and 3) through a number of resonance conversions until they become mass
eigenstates. If adiabaticity is strongly broken in some of the resonances, the neutrino state
“hops” from the initial matter eigenstate onto the nearby one (in figs. 2 and 3, it follows the
dashed line through the level crossing). In general, when the adiabaticity in the ith reso-
nance is neither perfect nor badly broken, there are finite probabilities for the neutrino state
to follow the initial matter eigenstates or to hop to another one (1−Pi and Pi, respectively).
In each of the MSW and RSFP resonances, the hopping probability Pi is approximately
given by
Pi ≃ e−pi2 γi , (22)
where γi is the corresponding adiabaticity parameter
5. For the MSW transitions one has
γMSW =
sin2 2θij
cos 2θij
∆m2ij
2E
Lρ , (23)
whereas for the RSFP-H, RSFP-L and RSFP-X transitions,
γRSFP ≃ 8E
∆m2ij
(µabB⊥r)
2Lρ . (24)
Here B⊥r is the transverse magnetic field strength at the relevant RSFP resonance and Lρ
is the scale height of the effective matter density at the resonance:
Lρ =
∣∣∣∣ 1ρYeff
d(ρYeff)
dr
∣∣∣∣
−1
res
, (25)
where Yeff = Ye, (1− 2Ye) or (1− Ye), depending on the resonance [see eqs. (11) – (19)].
The adiabaticity parameter of the RSFP-E conversion cannot in general be written in
a simple form. Here we give it for the normal neutrino mass hierarchy in the limiting case
s13 ≫ (s13)c which will be useful for our later discussion:
γRSFP−E ≃ 8E (µeµ
′ B⊥r)
2
s213∆m
2
31 − cos 2θ12∆m221
Lρ . (26)
Notice that this parameter is enhanced with respect to the typical RSFP-X adiabaticity
parameter (with µµτ replaced by µeµ′) by the factor
[s213 − cos 2θ12(∆m221/∆m231)]−1 & 102 . (27)
In the adiabatic regime the adiabaticity parameters satisfy γi ≫ 1 and the corresponding
hopping probabilities Pi are strongly suppressed.
5Eq. (22) has to be modified when the relevant vacuum mixing angle is relatively large. This, however,
is unimportant for our discussion.
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The adiabaticity parameters depend crucially on the SN matter density and magnetic
field profiles. Numerical simulations yield the SN density profiles which for r > 10 km can
be well approximated by
ρ(r) = ρ0
(
10 km
r
)3
, (28)
with ρ0 ≃ (1 – 15)×1013 g/cm3. The SN magnetic field profiles are essentially unknown; in
most of the studies of the SN implications of neutrino magnetic moments the profiles
B⊥(r) = B0
(r0
r
)k
, (29)
with k = 2 or 3 were assumed [10, 11]. The exponent k = 3 corresponds to the dipole
magnetic field, while k = 2, to the magnetic flux conservation (frozen field). We use the
profile (29) with r0 = 10 km, k = 2 or 3 and B0 a free parameter.
It is convenient to express, using eqs. (10) – (19), the adiabaticity parameters (23) and
(24) in terms of the resonance densities:
γMSW ≃ 55 tan2 2θij Ye
[
ρ0
8 · 1013 g/cm3
]1/3 [
ρres
1 g/cm3
]2/3
, (30)
γRSFP ≃ 3.8× 10−5 1
Yeff
[
8 · 1013 g/cm3
ρ0
](
ρres
ρ0
) 2k−4
3
[
µab
10−13µB
B0
1014 G
]2
. (31)
Note that in the case k = 2 the RSFP adiabaticity parameter does not depend on the
resonance density, except possibly through the parameter Yeff .
The resonance densities of various RSFP and MSW transitions can be readily obtained
from eqs. (10) – (19). For the typical SN neutrino energies E ≃ 10 – 50 MeV one finds
(ρres)RSFP−H ≃ (0.5− 2.5)× 106 g/cm3 , (ρres)RSFP−L ≃ (0.8− 4)× 104 g/cm3 , (32)
(ρres)MSW−H ≃ (ρres)RSFP−X ≃ 500− 2500 g/cm3 , (ρres)MSW−L ≃ 8− 40 g/cm3 . (33)
For neutrino energy E = 15 MeV (average energy of the neutronization νe) and normal
neutrino mass hierarchy the RSFP-E resonance density varies between 1.7×103 and 1.3×104
g/cm3, whereas for the inverted mass hierarchy it changes in the interval (7×102 – 2×103)
g/cm3, depending in the value of s13.
From eqs. (10) and (30) we see that the MSW-L transitions are always adiabatic, while
the MSW-H ones are adiabatic for s213 > 10
−4 and non-adiabatic for s213 < 10
−5. From eq.
(31) it follows that for the RSFP transitions to be adiabatic one needs
For k = 2 :
[
µab
10−13µB
B0
1014 G
]
> 5 (RSFP-H and RSFP-L) ; (34)[
µab
10−13µB
B0
1014 G
]
> 102 (RSFP-X) . (35)
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For k = 3 :
[
µab
10−13µB
B0
1014 G
]
> 2× 103 (RSFP-H) ; (36)[
µab
10−13µB
B0
1014 G
]
> 8× 103 (RSFP-L) ; (37)[
µab
10−13µB
B0
1014 G
]
> 4× 105 (RSFP-X) . (38)
The adiabaticity conditions for the RSFP-E resonances depend on the resonance density,
which in turn is a sensitive function of s13. For the case of interest to our study, normal
mass hierarchy and s13 ranging from (s13)c ≃ 0.015 to (s13)max = 0.16, the adiabaticity
conditions for the RSFP-E resonance are[
µab
10−13µB
B0
1014 G
]
> 4− 5 , k = 2 ; (39)[
µab
10−13µB
B0
1014 G
]
> (0.7− 1)× 104 , k = 3 , (40)
where we have taken into account the enhancement factor (27) and the fact that (ρres)RSFP−E
can exceed (ρres)MSW−H by up to a factor of 8. Conditions (39) and (40) can be relaxed if
there is an accidental partial cancellation between the two terms in square brackets in (27).
Note that for the RSFP-H transitions µab = µeτ ′, for the RSFP-L and RSFP-E transi-
tions µab = µeµ′ , and for the RSFP-X ones µab = µµτ .
3 RSFP-E conversions and overlap of resonances
The RSFP-E resonance in general takes place at densities that are not very far from that
of the MSW-H resonance, and the RSFP-X resonance is always very close to the MSW-H
one. For this reason in certain ranges of s13 some of these resonances may overlap. To study
this phenomenon and also to get more insight into the nature of the RSFP-E resonance,
the following approach proves to be useful. Consider the normal mass hierarchy case (the
inverted hierarchy case is analyzed quite analogously). We note that in the vicinity of
the MSW-H resonance the energy levels of νe, ν
′
τ and ν¯
′
µ are close to each other, whereas
the other three energy levels are rather far. In this region one can therefore neglect the
influence of the far-lying states and consider the evolution of νe, ν
′
µ and ν
′
τ separately. The
corresponding approximate evolution equation is
i
d
dr

 νeν ′τ
ν¯ ′µ

 ≃

 s212δ + s213∆+ Ve s13 c13∆ µeµ′B⊥s13 c13∆ c213∆+ Vµ µµτB⊥
µeµ′B⊥ µµτB⊥ c
2
12δ − Vµ



 νeν ′τ
ν¯ ′µ

 , (41)
where ∆ ≡ ∆m231/2E and δ ≡ ∆m221/2E. For small B⊥ the characteristic equation of the
effective Hamiltonian on the r.h.s. of eq. (41) can be readily solved (note that ν¯ ′µ decouples
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in the limit B⊥ → 0), and the solutions give the energy levels of matter eigenstates:
E1m,2m =
1
2
(
∆+ Ve + Vµ + s
2
12 δ ±
√
(cos 2θ13∆− Ve + Vµ − s212 δ)2 + sin2 2θ13∆2
)
,
E3m = c
2
12δ − Vµ . (42)
We have checked numerically that this approximation is extremely good, and for most
densities the obtained eigenvalues coincide with those of the full (3+3)-state problem to an
accuracy better than 1%.
The MSW-H resonance corresponds to the avoided level crossing of the first and second
eigenvalues; the resonance density is obtained from the condition that the term in brackets
under the square root in E1m,2m vanishes, which yields
√
2GF
1
mN
ρresYe = cos 2θ13∆− s212 δ (MSW-H) . (43)
This equation corrects the 2-flavor resonance condition (18). There is one more level crossing
described by eq. (41) – that of the first and third eigenvalues (it becomes an avoided level
crossing when the magnetic field is switched on). The physical interpretation of this level
crossing depends on where it takes place. If it occurs at ρ > (ρres)MSW−H, the crossing is on
the branch of the first eigenvalue E1m that corresponds to νe, i.e. it describes the RSFP-E
resonance νe ↔ ν¯ ′µ (see fig. 2a). If, however, the crossing occurs at ρ < (ρres)MSW−H, the
resonance point lies on the branch of E1m corresponding to ν
′
τ . In this case it describes
the RSFP-X resonance ν ′τ ↔ ν¯ ′µ (fig. 3a). The position of the crossing point depends on
the value of s13. There is the critical value (s13)c for which it occurs at ρ = (ρres)MSW−H
and which delineates the two possibilities: For s13 < (s13)c there is the RSFP-X resonance,
whereas for s13 > (s13)c the RSFP-E resonance occurs. The critical value (s13)c can be
found from eqs. (42) and (43) and is approximately given in (17).
The RSFP-E resonance condition (15) is obtained by expanding the eigenvalues (42)
in small parameters 1 − 2Ye and δ/∆; note, however, that (s13)c cannot be found from
the lowest order expansion (15) and a more accurate expression has to be used. With s13
varying between (s13)c ≃ 0.015 and 0.16, the RSFP-E resonance density ρRSFP−E changes
from ρMSW−H ≃ 1.7× 103 g/cm3 to 1.3× 104 g/cm3 (for neutrino energy E = 15 MeV).
The RSFP-X resonance density is in general very close to that of the MSW-H resonance:
for s13 = (s13)c the two resonance densities coincide, whereas for s13 ≪ (s13)c the RSFP-X
resonance density is given by
√
2GF
1
mN
ρres(1− Ye) ≃ c213∆− c212δ (RSFP-X) . (44)
This expression corrects the 2-flavor result (13).
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Let us now consider the cases of possible overlap of the resonances. From eqs. (42) and
(43) we find that when the RSFP-E and MSW-H (or RSFP-X and MSW-H) resonances are
close to each other their densities satisfy
|ρi − ρMSW−H|
ρMSW−H
≃ ∣∣s213 − (s13)2c∣∣ ∆δ 1cos 2θ12 =
|s213 − (s13)2c |
(s13)c
, (45)
where i =RSFP-E for s13 > (s13)c and i =RSFP-X for s13 < (s13)c. The condition of no
overlap between the MSW-H and RSFP-X resonances can be written as [16, 17]
tan 2θ13 (ρres)MSW−H +
2µµτB⊥r
∆m231/2E
(ρres)RSFP−X < (ρres)MSW−H − (ρres)RSFP−X , (46)
and similar condition can be written for the MSW-H and RSFP-E resonances. To find out
when the no-overlap conditions are satisfied, let us assume that the RSFP-X and RSFP-E
resonance widths are small compared to the width of the MSW-H resonance, so that the
second term on the l.h.s. of eq. (46) (and the corresponding term in the no-overlap condition
of the MSW-H and RSFP-E resonances) can be neglected. Then from (46) and (45) we find
that the conditions of no overlap become
s13
(s13)c
>
√
2 + 1 ≃ 2.41 , (MSW-H and RSFP-E) ; (47)
s13
(s13)c
<
√
2− 1 ≃ 0.41 , (MSW-H and RSFP-X) . (48)
Thus, the RSFP-E and MSW-H (or RSFP-X and MSW-H) resonances overlap when s13 is
within a factor of 2.4 of the critical value (s13)c ≃ 0.015 and do not overlap in the opposite
case.
4 νe → ν¯e conversions of neutronization neutrinos
Consider now the transformations experienced by the neutronization νe as they propagate
from the supernova’s core outwards.
(a) Normal mass hierarchy. In this case the νe → ν¯e conversion is driven by the RSFP-E
resonance or by an interplay of the MSW-H and RSFP-X resonances, depending on the
value of s13. Let us first consider the case s13 > (s13)c ≃ 0.015. The neutronization νe first
encounter the RSFP-E resonance and, if the resonance transition is adiabatic, get converted
into ν¯ ′µ (see fig. 2a). As these ν¯
′
µ propagate towards the region of very small matter densities,
they transform into the mass eigenstate ν¯2, which contains the ν¯e component with the weight
s212. Thus, for s13 > (s13)c the νe → ν¯e conversion probability is
P (νe → ν¯e) = (1− PRSFP−E) s212 . (49)
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In deriving this formula we have assumed that s13 is not too close to (s13)c, so that condition
(47) is satisfied and the RSFP-E and MSW-H resonances do not overlap. We shall consider
the case of the overlapping resonances below.
In the case s13 < (s13)c ≃ 0.015, the RSFP-E resonance does not exist; the neutron-
ization νe born in the core of the star and moving outwards first encounter the MSW-H
resonance and then the RSFP-X resonance (see fig. 3a). Let us first consider the case when
these resonances do not overlap; the neutrino conversions in them can then be treated as
independent. At the MSW-H resonance the neutronization νe get converted into ν
′
τ , the
efficiency of the transition depending on its degree of adiabaticity. The produced ν ′τ can
then be transformed into ν¯ ′µ in the RSFP-X resonance (see fig. 2a). As these ν¯
′
µ propagate
further towards small density regions, they transform into the mass eigenstate ν¯2. Thus, in
this case the νe → ν¯e conversion probability is
P (νe → ν¯e) = (1− PMSW−H)(1− PRSFP−X) s212 . (50)
The no-overlap condition (48) implies s213 < [(s13)c/2.41]
2 ≃ 4× 10−5. This means that the
MSW-H resonance is in fact non-adiabatic or moderately non-adiabatic. For the average
energy of the neutronization neutrinos 〈E〉 ≃ 15 MeV, from eqs. (18), (30) and (22) one
finds (1− PMSW−H) . 0.6, and so the probability P (νe → ν¯e) . 0.18.
Let us now consider the case of overlapping resonances. It is instructive to calculate
the νe → ν¯e conversion probability in perturbation theory. Strictly speaking, this approach
is only justified when P (νe → ν¯e) ≪ 1; however, it gives the correct order-of-magnitude
estimate even if this quantity is not too small. Moreover, it allows an exponentiation
procedure which is expected to give the correct result in a wide range of values of P (νe → ν¯e).
Another advantage of this method is that it is operative in both the overlapping and non-
overlapping resonance cases and allows one to study the smooth transition from the RSFP-E
- mediated νe → ν¯e transition to that occurring through the combination of the MSW-H
and RSFP-X resonances.
We shall make use of the evolution equation (41). Direct integration yields the following
expression for the amplitude ν¯ ′µ:
ν¯ ′µ(r) = (−i)
∫ r
0
dr′ [µeµ′ νe(r
′) + µµτ ν
′
τ (r
′)]B⊥(r
′) e(−i)
∫ r′
0
dr1(c212δ−Vµ) . (51)
Here the amplitudes νe(r) and ν
′
τ (r) have to be found from the same system of equations
(41). In perturbation theory one considers the ν¯ ′µ amplitude in the lowest order in magnetic
field, i.e. neglects the effects of the magnetic field on νe(r) and ν
′
τ (r). The equation for
ν¯ ′µ(r) then decouples from the rest of the system, and the amplitudes νe(r) and ν
′
τ (r) can
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be readily found, e.g., in the adiabatic approximation 6. Eq. (51) then gives
ν¯ ′µ(r) = (−i)
∫ r
0
dr′ [µeµ′ s(r
′) + µµτ c(r
′)]B⊥(r
′) e−ig(r
′) . (52)
Here
g(r) =
∫ r
0
dr1
[
E1m(r1)− c212δ + Vµ(r1)
]
, (53)
and s(r) and c(r) are sine and cosine of the mixing angle θm(r) defined through
tan 2θm(r) =
sin 2θ13∆
cos 2θ13∆− s212 δ − [Ve(r)− Vµ(r)]
. (54)
At the MSW-H resonance point, θm = pi/4; at much higher densities θm ≃ pi/2, while at
densities much lower than the MSW-H resonance one, θm ≃ θ13 ≪ 1.
The phase factor e−ig(r) in the integrand of (52) is a fast oscillating function for all r
except in the vicinity of the stationary phase point r0 at which g
′(r0) = 0; the integral
therefore receives its main contribution from the neighbourhood of this point and can be
evaluated in the stationary phase approximation. This gives, up to an unimportant phase
factor,
ν¯ ′µ ≃
√
2pi
|g′′(r0)| [µeµ
′ s(r0) + µµτ c(r0)]B⊥(r0) , (55)
where the calculated amplitude ν¯ ′µ corresponds to large enough values of coordinate, so that
the neutrinos have already passed through the MSW-H and RSFP-E or RSFP-X resonances.
The probability of the νe → ν¯e conversion is then
P (νe → ν¯e) = P (νe → ν¯ ′µ) s212 = |ν¯ ′µ|2 s212 . (56)
From eqs. (53) and (42) one can see that the stationary phase condition g′(r0) = 0
coincides with the condition of crossing of the first and third eigenvalues of the effective
Hamiltonian in (41). Thus, the stationary phase point is just the level crossing point that
defines the positions of the RSFP-E or RSFP-X resonances, depending on whether the
crossing occurs above or below the MSW-H resonance density. Using the stationary phase
condition g′(r0) = E1m(r0)− E3m(r0) = 0, one can readily find g′′(r0):
g′′(r0) ≃ 2Ve s
2
13∆− cos 2θ12 δ
∆+ (s212 − 2c212) δ − 2Ve
L−1ρ . (57)
Here we have taken into account that Ye ≃ 1/2.
6This approximation is good in the case of overlapping MSW-H and RSFP-X resonances, and also in
all cases when the RSFP-E resonance transition takes place. The method can be easily modified to include
possible deviations from adiabaticity.
Consider first the case s13− (s13)c ≫ (s13)c. This gives ρ(r0)≫ ρMSW−H, i.e. 2Ve(r0)≫
∆. From eq. (57) we then find
g′′(r0) ≃ −L−1ρ (s213∆− cos 2θ12 δ) . (58)
Substituting this into eq. (55) one obtains
P (νe → ν¯ ′µ) = |ν¯ ′µ|2 ≃
pi
2
4 [µeµ′ B⊥(r0)]
2
s213∆− cos 2θ12 δ
Lρ , (59)
where we have taken into account that for ρ(r0) ≫ ρMSW−H one has s(r0) ≃ 1, c(r0) ≃ 0.
Notice that this expression coincides with (pi/2)γRSFP−E where γRSFP−E was defined in eq.
(26). Thus, the νe → ν¯ ′µ conversion in this case is driven by the RSFP-E resonance. It is
interesting to note that the perturbation-theoretic expression (59) is just the first term in
the expansion of the transition probability P (νe → ν¯ ′µ) = 1 − exp [−(pi/2)γRSFP−E] in the
small γRSFP−E limit. Thus, eq. (59) is in accord with eqs. (49) and (56).
Let us now consider the case s13 ≪ (s13)c. In this case ρ(r0) coincides with the small-s13
limit of ρRSFP−X given in eq. (44). Using this condition we find from (57)
g′′(r0) ≃ L−1ρ (c213∆− c212 δ) . (60)
Substituting this into eq. (55) yields
P (νe → ν¯ ′µ) = |ν¯ ′µ|2 ≃
pi
2
4 [µµτ B⊥(r0)]
2
c213∆− c212 δ
Lρ , (61)
where we have taken into account that for densities below ρMSW−H and outside the RSFP-H
resonance region one has s(r0) ≃ 0, c(r0) ≃ 1. We note that this expression coincides with
(pi/2)γRSFP−X. Thus, the νe → ν¯ ′µ conversion in this case is driven by the combination of the
MSW-H and RSFP-X resonances and goes through the chain of transitions νe → ν ′τ → ν¯ ′µ.
Eq. (61) gives the first term in the expansion of the transition probability
P (νe → ν¯ ′µ) = (1− e−
pi
2
γMSW−H)(1− e−pi2 γRSFP−X) (62)
in small γRSFP−X (note that in our case the first factor in (62) is equal to unity since we
assume the MSW-H transition to be adiabatic). Thus, eq. (61) agrees with eqs. (50) and
(56).
We have considered the cases when the stationary point is situated above or below the
MSW-H resonance point and sufficiently far from it. We found that in those cases the νe →
ν¯ ′µ transition is driven either by the RSFP-E resonance or by the sequence of the MSW-H
and RSFP-X resonances, as the resonance regions do not overlap. When s13 ≃ (s13)c, the
stationary phase point is close to the MSW-H resonance one, which leads to the overlap
of the resonances. In that case the transition mechanism is a subtle interplay of both the
mechanisms discussed above. In particular, when s13 = (s13)c one has s(r0) = c(r0) = 1/
√
2,
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and the magnetic moments µeµ′ and µµτ enter into the amplitude ν¯
′
µ in eq. (55) with equal
weights. This corresponds to the maximal interference of the two mechanisms discussed
above; the interference can be either constructive or destructive, depending on the relative
sign of µeµ′ and µµτ . When s13 ≃ (s13)c but not exactly equal to this critical value, the direct
νe → ν¯ ′µ conversion due to the RSFP-E resonance and the νe → ν ′τ → ν¯ ′µ transitions due to
the combined action of the MSW-H and RSFP-X resonances give comparable contributions
to P (νe → ν¯ ′µ). The relative weight of these contributions depends on the value of the
mixing angle θm at the level crossing point r0.
We have found that in the cases of non-overlapping resonances the perturbation-theoretic
expressions for the probability P (νe → ν¯ ′µ) are just the first-order terms in the expansions
of the expressions of the type (1 − exp[−(pi/2)γi]). It is therefore natural to assume that
this is also true in general, and the probability P (νe → ν¯ ′µ) can be found from (55) by
the exponentiation procedure. According to this procedure, the probability P (νe → ν¯ ′µ) is
obtained as
P (νe → ν¯ ′µ) = 1− e−
pi
2
γ , (63)
where
γ =
4
|g′′(r0)| [µeµ
′ s(r0) + µµτ c(r0)]
2B⊥(r0)
2 (64)
with g′′(r0) defined in eq. (57). Eqs. (63), (64) are expected to be valid for all values of γ,
not necessarily γ ≪ 1, provided that the MSW-H resonance conversion is adiabatic. The
probability of the νe → ν¯e conversion we are interested in is then found from eq. (56).
As can be seen from eqs. (49), (50) and (56), in the case of the normal neutrino mass
hierarchy the maximum possible value of P (νe → ν¯e) is s212 ≃ 0.3.
(b) Inverted mass hierarchy. In this case the neutronization νe first encounter the
RSFP-H resonance and get converted into ν¯ ′τ . The destiny of the latter depends on whether
s13 is above or below the critical value (s13)c (see figs. 2b and 3b).
Let us first consider the case s13 > (s13)c. The ν¯
′
τ that emerge from the RSFP-H
resonance next reach the MSW-H resonance and get converted into ν¯e, which then encounter
the RSFP-E resonance where they can be transformed into ν ′µ (fig. 2b). If this latter
conversion occurs, the neutronization νe end up as neutrinos and not antineutrinos (in
general, for a νa → ν¯b conversion, neutrinos should experience an odd number of the RSFP
transformations). Therefore the νe → ν¯e transition we are interested in takes place only
if the RSFP-E resonance is non-adiabatic. Then ν¯e emerging from the MSW-H resonance
pass through the RSFP-E resonance unaffected. As they propagate towards very small
densities, they transform into ν¯1, which have the ν¯e component with the weight c
2
12. Thus,
the νe → ν¯e conversion occurs through the sequence of transitions νe → ν¯ ′τ → ν¯e −→ ν¯2,
and its probability is
P (νe → ν¯e) = (1− PRSFP−H)(1− PMSW−H)PRSFP−E c212 . (65)
In the case s13 < (s13)c, the ν¯
′
τ emerging from the RSFP-H resonance next reach the
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RSFP-X resonance and can be converted there into ν ′µ (fig. 3b). For the νe → ν¯e transition to
occur, this resonance has to be non-adiabatic. Then ν¯ ′τ pass through the RSFP-X resonance
unscathed and propagate towards the MSW-H resonance where, as in the case s13 > (s13)c,
they can be converted into ν¯e. These ν¯e subsequently transform into ν¯1 in the small density
regions. The sequence of transitions in this case is therefore the same as in the case s13 >
(s13)c. The probability of the νe → ν¯e conversion is
P (νe → ν¯e) = (1− PRSFP−H)(1− PMSW−H)PRSFP−X c212 . (66)
Note that in the case s13 < (s13)c, the MSW-H resonance transition is adiabatic only for s13
relatively close to (s13)c.
As can be seen from eqs. (65) and (66), in the case of the inverted neutrino mass
hierarchy the maximum possible value of P (νe → ν¯e) is c212 ≃ 0.7.
5 Discussion
We have considered neutrino flavor and spin-flavor transitions in supernovae in the full
3-flavor framework and found that, in addition to the known MSW and RSFP resonances
that can be obtained assuming the transitions to be approximately 2-flavor ones, there
are new RSFP resonances which are pure 3-flavor effects and cannot be found in 2-flavor
approximations. We have studied these new resonances and their interplay with the other
nearby resonances in some detail, including the case of overlapping resonances. We have
explored the role of these resonances in the transformation of neutronization νe into their
antiparticles. It was found that such transformations depend crucially on the value of the
neutrino mixing parameter s13 and are in general possible for both normal and inverted
neutrino mass hierarchies. We obtained the relevant transition probabilities in each case.
Let us discuss now the conditions on neutrino magnetic moments and SN magnetic
fields that have to be satisfied in order for the νe → ν¯e transitions of the neutronization
neutrinos to be efficient. In the case of the normal neutrino mass hierarchy the νe → ν¯e
transition probabilities are given by eqs. (49) and (50) for s13 > (s13)c and s13 < (s13)c
respectively. For s13 > (s13)c the efficiency of the νe → ν¯e conversion is determined by the
RSFP-E adiabaticity parameter, eq. (26). Assuming the power-law magnetic field profile
(29), we find from eqs. (39) and (40) that in the case B0 = 10
14 G and k = 2 the transition
is adiabatic (γRSFP−E > 1) if µeµ′ > 5 × 10−13µB, while for the exponent k = 3 this would
require µeµ′ > 10
−9µB, a value already experimentally excluded. Note that magnetic fields
as strong as 1016 G have been considered possible in supernovae [18]; if this is the case,
for k = 3 the transition magnetic moments µeµ′ ∼ 10−11µB would cause strong νe → ν¯e
conversions, while for k = 2 magnetic moments as small as 5× 10−15µB would do.
For s13 < (s13)c the νe → ν¯e conversion is driven by a combination of the MSW-H and
RSFP-X resonance transitions. For values of s13 only slightly below the critical value, the
transition efficiency is mainly determined by the RSFP-X adiabaticity parameter. From
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eqs. (35) and (38) we find that in the case B0 = 10
14 G and k = 2 the RSFP-X transition
is adiabatic if µµτ > 10
−11µB, while for the exponent k = 3 this would require µµτ >
4× 10−8µB. For different values of B0 these limits would have to be rescaled accordingly.
In the case of the inverted neutrino mass hierarchy the νe → ν¯e transition probabilities
are given by eqs. (65) and (66) for s13 > (s13)c and s13 < (s13)c respectively. If the MSW-H
transition is adiabatic, the νe → ν¯e conversion probability is determined by the RSFP-H
adiabaticity parameter γRSFP−H. From eqs. (34) and (36) we find that for B0 = 10
14 G
and k = 2 the transition is adiabatic if µeτ ′ > 5 × 10−13µB, while for the exponent k = 3
the adiabaticity of the transition would require µeτ ′ > 2 × 10−10µB. These conditions are
comparable with the conditions we obtained for µeµ′ in the case of the normal neutrino
mass hierarchy and s13 > (s13)c. From eqs. (65) and (66) it follows that in the inverted
hierarchy case the νe → ν¯e transitions can only be efficient if the RSFP-X transition [for
s13 < (s13)c)] or RSFP-E transition [for s13 > (s13)c)] is non-adiabatic. It is easy to see
that these conditions can be satisfied without any conflict with the requirement of the
adiabaticity of the RSFP-H condition.
It might also be useful to give the conditions for the efficient νe → ν¯e transitions of the
neutronization neutrinos directly in terms of the SN magnetic field strength at the resonance,
i.e. independently of the supernova magnetic field model. In the case of the normal neutrino
mass hierarchy and s13 > (s13)c, the requirement that the RSFP-E adiabaticity parameter
exceeds unity yields µeµ′B⊥r > 10
−13µB×1.5·108 G. For the normal hierarchy and s13 slightly
below the critical value (s13)c, the condition γRSFP−X > 1 leads to µµτB⊥r > 10
−13µB × 1.5 ·
109 G. In the case of the inverted neutrino mass hierarchy the νe → ν¯e transitions can only
be efficient when γRSFP−H > 1, which yields µeτ ′B⊥r > 10
−13µB × 4 · 109 G.
Thus, we have seen that in both cases of the normal and inverted neutrino mass hi-
erarchies sizeable νe → ν¯e transitions of the SN neutronization neutrinos are in general
possible. In the normal hierarchy case, the maximal possible transition probability is equal
to s212 ≃ 0.3, whereas for the inverted hierarchy it is c212 ≃ 0.7. Thus, in the inverted hi-
erarchy case the νe → ν¯e conversion probability can be higher. In both cases the νe → ν¯e
conversion occurs only when s13 is not too small: For the RSFP-E – driven transitions, one
needs s13 > (s13)c ≃ 0.015 for the RSFP-E resonance to exist; for the transitions occurring
through the combinations of the MSW-H and RSFP-X resonances or RSFP-H and MSW-H
resonances, one needs s13 & 10
−2 for the MSW-H resonance to be adiabatic.
Conversion of the SN neutronization νe into ν¯e would have a very clear and distinct
experimental signature, especially in water Cherenkov detectors. We will consider the Super-
Kamiokande detector (fiducial volume 32 kt) as an example. For a galactic supernova at 10
kpc from the Earth, one expects in this detector about 12 events from the detection of the
neutronization νe through the νee
− → νee− scattering reaction, assuming no flavor or spin-
flavor conversions (see fig. 22 in [4]). These events should occur in a very short time interval
of ∼ (10 – 20) ms and should precede a longer signal of neutrinos and antineutrinos of all
flavors. If the νe → ν¯e conversion occurs, the neutronization burst observed by terrestrial
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detectors should contain a significant fraction of electron antineutrinos, up to 30% in the
normal hierarchy case and up to 70% in the case of the inverted mass hierarchy. The main
detection mechanism of ν¯e is through the ν¯ep→ ne+ reaction, which has a much larger cross
section than that of νee
− scattering: at the average energy of the neutronization neutrinos
〈E〉 ≃ 15 MeV one has σ(ν¯ep → ne+)/σ(νee− → νee−) ≃ 150. Therefore one can expect a
very strong signal of ν¯e – up to 500 (1200) events in the case of the normal (inverted) mass
hierarchy – in a very short time interval of ∼ (10 – 20) ms. Note that ν¯e can be cleanly
distinguished experimentally from all other neutrino and antineutrino species [19].
Supernova neutronization ν¯e can also be observed in the SNO detector, which contains
about 1.4 kt of light water in addition to 1 kt of heavy water. The ν¯ep → ne+ capture
reaction in light water can result in up to 20 (50) events in the case of the normal (inverted)
neutrino mass hierarchy. Detection of the neutronization ν¯e through the charged-current
reaction ν¯ed→ nne+ in heavy water is of lesser interest since the cross section of this process
is about a factor of three smaller than that of the ν¯ep capture. Still, the ν¯ed→ nne+ events
at SNO can be a useful complement to the ν¯ep→ ne+ ones.
In the beginning of this section we estimated the neutrino transition magnetic moments
and SN magnetic fields which are necessary for appreciable νe → ν¯e conversions to take
place. These estimates were obtained assuming that the relevant RSFP adiabaticity pa-
rameters satisfy γRSFP = 1, which corresponds to the transition probability of about 80%.
Therefore for these values of the neutrino magnetic moments and SN magnetic fields the
above estimates of the expected numbers of ν¯e events have to be reduced by the factor 0.8.
On the other hand, if, say, 30 ν¯e events in Super-Kamiokande can be considered as a clear
and unambiguous signal, the requisite values of the transition magnetic moments will be
reduced by a factor of 5 (8) for the normal (inverted) neutrino mass hierarchy as compared
to our previous estimates. Future very large SN neutrino detectors would have an even
better sensitivity to neutrino magnetic moments and SN magnetic fields.
Let us discuss now the model dependence of our results. The properties of the SN
neutronization pulse calculated by different groups are in a reasonably good agreement, as
can be seen, e.g., from the comparison of refs. [4] and [20]. Thus, they can be considered
as relatively well known. The same applies to the supernova density profiles ρ(r), for which
different groups converge at similar 1/r3 dependences [21, 22, 23]. The quantity 1− 2Ye in
the region where most of the resonances occur is less well established, though; it depends
strongly on the assumed metallicity of the pre-supernova model. The dependence of the
RSFP of SN neutrinos on the SN models, including the density and 1 − 2Ye profiles, was
studied in [12]; in most cases relatively mild model dependence was found.
The main uncertainty in our results is related to the fact that the strengths and profiles
of the SN magnetic fields are essentially unknown. For this reason, in addition to studying
the two popular power-law profiles, we expressed our results directly in terms of the magnetic
field strength at the resonance, thus reducing their model dependence.
Is RSFP the sole mechanism that can convert the SN neutronization νe into ν¯e? In
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principle, SN neutrinos could also experience νe → ν¯e transitions due to a combination
of the MSW conversions and neutrino decay into a lighter (anti)neutrino and Majoron
[24, 25, 26, 27, 28, 29, 30, 31]. For hierarchical neutrino masses such a decay would lead
to a significant degradation of the neutrino energy, and so the νe → ν¯e conversion due to
the neutrino transition magnetic moments would be clearly distinguishable experimentally
from that caused by the neutrino decay. The situation is more complicated if the decaying
and daughter neutrinos are quasi-degenerate in mass. In this case there will be essentially
no neutrino energy degradation, as was recently emphasized in [32]. However, in the case of
decaying SN neutrinos the decay of thermally produced neutrinos would result in composite
spectra of the detected neutrinos which would be different from those expected in the case
of the pure MSW effect. The decaying neutrino scenario can also be independently tested
through the decay of high-energy astrophysical neutrinos [33, 34].
To conclude, the νe → ν¯e conversion of supernova neutrinos due to the combined ac-
tion of neutrino flavor mixing and transition magnetic moments can lead to an observable
signal of the neutronization neutrinos in the ν¯e channel. Such an effect would have a clear
experimental signature and its observation would be a smoking gun evidence for the neu-
trino transition magnetic moments. It would also signify a relatively large leptonic mixing
parameter |Ue3| = s13 > 10−2.
Note added. While this paper was in preparation, the papers [35, 36] appeared in which
the νe → ν¯e conversions of the supernova neutronization neutrinos were also considered. In
the case of the inverted mass hierarchy, our conclusions essentially coincide with those in
[35, 36]; however, the authors of those papers did not take into account the RSFP-E and
RSFP-X resonances and therefore missed the possibility of a strong νe → ν¯e conversion in
the case of the normal neutrino mass hierarchy, which was studied in the present paper.
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